The complex permittivity of dry rocks and minerals varies over a very wide range, even within a sample there are variation at different temperatures and frequencies. Most rocks and minerals are inhomogeneous materials, therefore, most of the present methods of dielectric measurement designed for artificial homogeneous materials are not suitable for rocks and minerals. The resonant cavity perturbation (RCP) method is a reliable and simple technique to determine the complex permittivity of dielectric materials in the GHz range, and this method is also used extensively. However, the traditional RCP method is sensitive to the measurement of low dielectric constant (ε ) and low loss factor (ε or tan δ) materials. The complex permittivity of most dry rocks and minerals exceeds the span vibration of the RCP method, and cannot be measured by the RCP method directly. This paper proposes a new method to measure the complex permittivity of dry rocks and minerals with the RCP method incorporated in the application of polythene (PE) dilution method and Lichtenecker's mixture formulae. Dry rocks and minerals were ground into fine powder. The powder of rocks and minerals was mixed with polythene powder in a definite volume per cent. The mixture was heated and pressed into a thin circular slice. The slice was processed into a small rectangular strip sample, the size of which was fitted to the demands of the RCP method. The complex permittivity of the strip was obtained by the RCP method. The relationship between the dielectric properties of the two-phase mixture and those of each phase in the mixture can be expressed by Lichtenecker's mixture formula. Thus the complex permittivity of dry rocks and minerals can be calculated from the complex permittivity of the mixture in case the complex permittivity of polythene is known. The presented method was verified by measurements of reference materials of various known complex permittivity and other reliable dielectric measurement methods. The results of the experiment showed that this new method is of high accuracy, small sample requirement, and convenient application. Moreover, the complex permittivity of rocks and minerals measured by this method is more reliable than the direct dielectric measurement of rocks or minerals without application of the polythene dilution method and Lichtenecker's mixture formulae.
the dielectric loss factor ε , which is the imaginary part, influences energy absorption and attenuation, and i = √ −1, imaginary unit. One more important parameter used in EM theory is a tangent of loss angle, tan δ = ε /ε .
Complex permittivity is of utmost importance in the theory of microwave remote sensing and electromagnetic wave transmission. The complex permittivity of materials intensely affects the absorbing ability and index of reflection of electromagnetic waves. The measurement of and careful research on complex permittivity are of significance both in theory and in practice. Complex permittivity has aroused great interest from microwave engineers for many years. Rocks and minerals are one of the most widely distributed ground materials. The complex permittivity of rocks and minerals at microwave frequencies is of great interest in geophysics, petrology, mineralogy and microwave material science. These data will be also applied in the interpretation of active and passive microwave remote sensing data.
Numerous applied techniques, such as the time domain method, the open-ended coaxial-line method, the transmission/reflection (T/R) method, the free space method and the resonant cavity perturbation (RCP) method, have been developed for determining the dielectric constant ε and loss factor ε of materials. Some general descriptions of those methods are available in the literature (Afsar et al. 1986; Aregba et al. 1994; Baker-Jarvis et al. 1993; Catala-Civera et al. 2003; Clarke & Rosenberg 1982; Coccioli et al. 1999; Courtney 1970; Hakki & Coleman 1960; Ni & Ni 1997; Vaid et al. 1979) . Many scholars had measured the complex permittivity of dry rocks and minerals with different methods. The measurement results for diverse rocks and minerals are compiled in the literature (Ahmad & Zihlif 1990; Griffin 1974; Howell & Cicastro 1961; Nguyen et al. 1998; Rust et al. 1999; Ulaby et al. 1990; Wang et al. 1999; Zheng et al. 2005) . But some limitations are involved in reliable measurements of the dielectric properties of rocks and minerals. For minerals, most of them are irregular in shape, and usually they are fine in grain size. Some of them are very scarce. All these minerals are difficult to process into certain shapes for dielectric measurement, like ceramics, plastic and other artificially synthetic materials. Moreover, there are macroscopic (cleavages, cracks, fractures, etc.) and microscopic (inclusions, twin crystals, etc.) defects in minerals (Best 2003; Winter 2001) . These characteristics make it complicated to achieve the reliable measurements of complex permittivity. For rocks, their chemical and mineral components, as well as pores, structures and textures, are distributed unevenly in them, thus leading to different results of dielectric measurement for different parts of the same rock. In addition, dielectric measurements of rocks and minerals were focused on them at low frequencies (Garrouch & Sharma 1995; Howell & Cicastro 1961; Keller 1996; Olhoeft 1976) . However, the complex permittivity of rocks and minerals is a function of frequency. The frequency-dependence of dielectric properties can provide important information about the material characteristics. Despite all the progress, data on the complex permittivity of numerous rocks and minerals at high microwave frequencies are still scarce, and the known methods have their own limitations, so further progress in this field is required.
The RCP method was pioneered by Slater (Slater 1946 ) and co-workers (Altschuler 1963; Courtney 1970; Waldron 1960) , and has been extensively employed for estimating the complex permittivity of materials at microwave frequency since the early 1960s (Chao 1985; Komarov & Yakovlev 2003; Schaumburg & Helberg 1994) . The introduction of a dielectric material will force the cavity parameters to undergo a negative shift, and significant effects can be observed. The complex permittivity of the sample was calculated from the shift of resonant frequency and the change in quality factor when the sample was inserted into the cavity. Nowadays, this contact-free technique is still widely used because of its high sensitivity and relative simplicity. (Klein et al. 1993) . The RCP method requires standard and inexpensive equipment, needs a small amount of sample, and is particularly advantageous to the measurement of low loss materials (Kobayashi et al. 1994) .
All versions of the RCP method principally emerged from the assumption of a small perturbation, that is, it is supposed that a dielectric sample inserted into a cavity does not cause a notable change in the electromagnetic field. In order to satisfy the assumption of a small perturbation, the sample must be very small in volume as compared with the cavity itself, and low ε and tan δ, so that a frequency shift that was produced by the introduction of the sample is small as compared with the resonant frequency of the empty cavity (Altschuler 1963; Meng et al. 1995) . Therefore, on the one hand, it is difficult to process the rocks and minerals into small samples. For the cross-section of the strip sample for dielectric measurement is about 1∼2 mm in both width and length at X-band (8∼12 GHz) (ASTM 1977) . On the other hand, the complex permittivity of dry rocks and minerals varies over a large range. The range of variation might exceed 2∼3 orders magnitudes. ε and tan δ of some rocks and minerals surpass the measuring range, and could not be measured by the RCP method.
To overcome these two difficulties, a new method of determining the complex permittivity of dry rocks and minerals has been developed at 9370 MHz. This method is incorporated in the application of polythene dilution method and Lichtenecker's mixture formulae on the basis of the RCP method. Dry rocks and minerals were ground into fine powder and mixed with polythene powder in a definite volume proportion. The mixture was heated, and then pressed into a thin circular slice. The slice was processed into a small strip sample. The complex permittivity of the strip sample can be measured by the RCP method. The relationship between the dielectric properties of two-phase mixture and those of each phase in the mixture can be expressed with Lichtenecker's mixture formulae. Then the complex permittivity of dry rocks and minerals can be calculated from that of the mixture in case the complex permittivity of polythene is known.
PRIN C I P L E O F T H E RC P M E T H O D A N D E X P E R I M E N T S E T U P

Principle of the RCP method
There are many ways of using cavity perturbation to characterize the microwave properties of materials, but the principle of operation is similar in all cases. An empty microwave resonant cavity has its intrinsic resonant frequency f 0 and quality factor Q 0 in case no dielectric sample is inserted. After dielectric sample was inserted into the vicinity of a microwave resonator, i.e. the region of the maximum electric field, the resonant frequency and quality factor of the cavity would be changed into f s and Q s , respectively, because the dielectric sample perturbed the distribution of EM fields in the resonator. The shift of resonant frequency and the change of quality factor are determined by the complex permittivity of the sample and its dimension. According to the small perturbation theory, if V s (V s = a 1 b 1 b), the volume of active sample in the cavity, is related to the volume V c (V c = aLb) of the cavity, proportionality will exist between the frequency shift, f , caused by the insertion of a sample into the cavity, and the real part of the complex permittivity of the material. The same behaviour is observed in the change in the inverse of quality factor of the cavity, (1/Q), related to the imaginary part. Perturbation theory formulation of Maxwell's equations gives a theoretically elegant and computationally efficient way of describing small imperfections and weak interactions in electromagnetic systems. When electromagnetic fields in a resonant cavity are perturbed, the resonant frequency f s will be altered as:
where f 0 is the resonant frequency of the unperturbed cavity, B is the microwave magnetic field and E is the microwave electric field at the location of perturbation. The integral is taken over the perturbation volume V c . In terms of the relationship that EM field parameters for the cavity, f and Q, correlate to these dielectric properties based on the perturbation theory, the dielectric constant ε and the loss factor tan δ of the rectangular strip sample are computed with the following expressions (ASTM 1977):
where f = f 0 − f s is the shift of resonant frequency (Hz); f 0 , unperturbed resonant frequency (Hz); f s , perturbed resonant frequency (Hz); Q 0 , unloaded Q factor of the cavity; Q s , loaded Q factor of the cavity; a, the width of the cavity (mm); L, the length of cavity (mm); a 1 , the width of the cross-section of the rectangular strip sample (mm); b 1 , the length of the cross-section of the rectangular strip sample (mm) (Fig. 1) . If sample for dielectric measurement is a circular rod sample, a 1 × b 1 will be changed into πr 2 , i.e. the acreage of the cross-section of the rod sample.
Therefore, this new method involves measuring the dielectric properties of the sample, by placing a small sample in a large cavity resonator and measuring the subsequent change in its resonant frequency, f and its Q-factor. In practical application, it is convenient to design an H 10n cavity of standard waveguide at high frequency. At low frequency, the E 010 circular cavity would be more reasonable and common. 
Experimental set up
As shown in Fig. 2 , the experimental set up consists of a microwave generator, a coaxial adapter, an isolator, a precision attenuator, an H 10n mode rectangular resonant cavity operating at 9370 MHz, an AV3616X scalar network analyser, etc. The cavity is a rectangular box fabricated from high-conductivity oxygen-free copper with dimensions comparable to the wavelength (a × b × L = 22.86 × 10 × 246.4 mm). Parameters for the cavity depend on the volume, geometry, and mode of operation of the cavity, as well as on the permittivity, shape, dimensions and location of the sample inside the cavity. The cavity was working in the H 10n mode. As measured, f 0 = 9370 MHz, and Q 0 = 3000.
PREPAR AT I O N O F R E C TA N G U L A R S T R I P S A M P L E S A N D D I E L E C T R I C M E A S U R E M E N T S 3.1 Sample preparation
First, rocks and minerals were ground into fine powder and passed through a sieve of 150∼200 meshes. The specific gravity of rocks or mineral particles was tested by means of a pycnometer. As the introduction of metals by comminution and sieve might have obvious effects on the complex permittivity of samples, they must be comminuted in an agate or ceramic mortar and treated with a nonmetallic polyester nylon yarn sieve. Secondly, the fine powder of rocks or minerals was dried in the thermostatic oven over 110
• C for 24 hr to eliminate water in the sample. Thirdly, powders of rocks or minerals were mixed into polythene powder uniformly with definite volume proportion.
In consideration from Lichtenecker's mixture formulae, the powder of rocks or minerals could be mixed with polythene powder in any volume proportion. But actual sample preparation shows that the volume proportion of rocks or minerals in the mixture should not be so high as to weaken the strength of a thin circular slice, because the slice is difficult to fabricate into a small rectangular strip sample for measurement. The volume proportion of rocks or minerals in the mixture should not be so low that the slice was stratified, i.e. particles of rocks or minerals would be precipitated when the mixture was heated and polythene was turned into liquid. In that case, the strip sample becomes an inhomogeneous system which could not satisfy the requirements of the RCP method. The experience from practice suggests that 30 volume per cent of rocks or minerals in the mixture is recommended. With the fixed volume proportion, the strength of the slice can be ensured, and that the precipitation and stratification in the slice could be avoided. Volume proportion, x, of rocks and minerals in the mixture can be calculated with the following expression:
where m r is the weight of rocks or minerals in the mixture, m p is the weight of polythene in the mixture, ρ r is the specific gravity of rocks or minerals, ρ p is the specific gravity of polythene, ρ p = 0.95, and x is the volume proportion of rocks or minerals in the mixture. volume per cent was required so as to lower the ε and tan δ values of the mixture into the measurement range of the RCP method. Fourthly, fine powder of rocks or minerals was mixed with polythene powder uniformly. The total weight of the mixture is 10 g. We took 2 g of the mixture and heated it at a temperature of 130∼150
• C and a pressure of 1000 kg cm −2 for 20 min in a stainless cylinder with 30 mm in diameter. It was then cooled to room temperature, and the mixture was pressed into a thin circular slice. The slice was chopped into small rectangular strip samples. The acreage of the cross-section of the strip sample should be measured by means of a micrometer at three locations along the active length in the cavity and averaged. The active length is the inside height of the wave-guide cavity, equal to 10 mm.
Measurement of the complex permittivity of the strip sample
The microwave generator is tuned at the resonant frequency of the empty resonator, f 0 = 9370 MHz, and the Q factor of the empty system, Q 0 , is measured by the wavemeter. The strip sample (a 1 × b 1 × L 1 ) is placed in the centre of the rectangular cavity (see Fig. 1 ). Then the resonant frequency and quality factor of the system with the inserted strip sample, f s and Q s , are determined. The complex permittivity of the strip sample is calculated from the shift of the resonant frequency and the change of the quality factor using the formulae (2), (3) and (4).
Calculation of the complex permittivity of rocks and minerals
Many formulae are available to describe the relationship between the dielectric properties of a multiphase mixture and those of each phase in the mixture, such as Lichtenecker, Landau-Lifshitz, Samaharaze, Maxwell-Wagner, Ralph-Landauer, etc. (Tareev 1982) . Numerical computation indicates that Lichtenecker's formulae (for statistical mixture) is the most appropriate for estimating the average permittivity of the mixture (Cret & Cret 2004; Guéguens & Palciauska 1994) :
where ε mix is the complex permittivity of a mixture of N phases, and ε i and v i are the complex permittivity and volume fraction of the ith phase, respectively. Lichtenecker's mixture formulae, also named the LichteneckerRother or the logarithmical law of mixtures, was first put forward by Lichtenecker (Lichtenecker 1926; Lichtenecker & Rother 1931) and has been proved and successfully applied by many other authors (Birchak 1974; Dirksen & Dasberg 1993; Heimovaara et al. 1994; Hook & Livingston 1995; Roth et al. 1990; Seyfried & Murdock 1996; Wallin 1985; . Zakri has proved that Lichtenecker's formulae are not only empirical formulae based on experiments, but also a theoretical model based on the effective medium theory (EMT) .
Therefore, as a two-phase mixture, the complex permittivity of rocks or minerals can be calculated from that of the strip sample in case the complex permittivity of polythene is known. Using Lichtenecker's mixture formulae, we have:
where ε mix and tan δ mix are the dielectric constant and loss tangent of the mixture, ε r and tan δ r are the dielectric constant and loss tangent of rocks or minerals, ε p = 2.35 and tan δ p = 5 × 10 −4 are the dielectric constant and loss tangent of polythene, respectively.
MEAS U R E M E N T R E S U LT S
Dielectric measurement of reference materials
It is a necessary and common practice to use reference materials for performing precise dielectric measurements. Reference materials, the dielectric characteristics of which have been well documented, are used to verify and improve the precision of dielectric measurement. In order to validate the set up, six reference materials were measured. The results are given in Table 1 .
As can be seen in Table 1 , the range of measurements of ε is 2∼10. The range of measurements of tan δ is 1 × 10 −1 ∼ 5 × 10 −3 . The error involved in the measurement of dielectric constant Goosey (1985) ; Progelhof & Throne (1993); Ward (1992). is no more than 2 per cent. The error involved in measurement of loss tangent is about 20∼30 per cent. The error of measurement tends to increase in case the tan δ of material surpasses the range of measurements, >1 × 10 −1 or <5 × 10 −3 . For measuring the complex permittivity of these materials, the present method should be applied, i.e. the application of polythene dilution method and Lichtenecker's mixture formulae extend the measurement range of the RCP method. For instance, the ε and tan δ of ilmenite are 55 and 0.6 respectively (Table 4, later). 15 volume per cent powder of rocks or minerals was mixed with 85 volume per cent polythene. As a result, the ε and tan δ of the mixture decreased to 3.79 and 0.092 respectively, so the values can be measured with the set up.
Complex permittivity of the same samples measured with the present method, circular RCP method and transmission/reflection (T/R) method
For the inaccessibility of direct measurement, complex permittivity is usually calculated via other measurable parameters such as transmission or reflection coefficients (Baker-Jarvis et al. 1990) and propagation constants (Janezic & Jargon 1999) , and each of the techniques is associated with a specific calculation rule. Thus, there are differences in the complex permittivity measured with different methods. The complex permittivity of five slices prepared from the mixture of 30 volume per cent rocks or minerals and 70 volume per cent polythene was measured with the present method, circular RCP method and transmission/reflection method (Baker-Jarvis 1990; Boughriet et al. 1997; Tian et al. 2002; 2001) . The results are given in Table 2 . As listed in Table 2 , the average standard deviation of the real part ε measured with the three methods is 6.25 per cent, and the results of measurement of loss factor tan δ are similar.
Comparison of complex permittivity measured with the present method and obtained by direct measurement
Coarse crystalline minerals and homogeneous rocks could be fabricated into small rectangular strip samples directly. The complex permittivity of these rocks and minerals could be measured with the resonant cavity set up if it is in the limitation of measurement. The complex permittivity of nine rocks and minerals was measured with the present indirect method (i.e. the application of polythene dilution method and Lichtenecker's mixture formulae based on the RCP method) and with the direct RCP method (i.e. rocks and minerals were fabricated into strip samples directly). The results of the measurement are given in Table 3 .
As shown in Table 3 , for most rocks and minerals, the complex permittivity measured directly with the RCP method is consistent with that measured indirectly with the present method. The average standard deviation of ε is about 3 per cent except for feldsparlite and anorthosite. The error is attributed to the existence of large phenocrysts in feldsparlite and anorthosite, K-feldspar and plagioclase. It is suggested that the dielectric properties measured on a small part of rocks or minerals could not reflect the dielectric properties of the bulk rocks or minerals. Listed in Table 4 are complex permittivity of some rocks and minerals measured with the present method.
CONC L U S I O N S A N D D I S C U S S I O N
Advantages and limitations of the application of polythene dilution method and Lichtenecker's mixture formulae
First, the complex permittivity of polythene is lowest in the entity plastic, ε = 2.35, tan δ = 5 × 10 −4 , and is characterized by low dielectric constant, low loss factor, small frequency coefficient at microwave frequency, and small temperature coefficient in −100
• C ∼ 20
• C. The complex permittivity of many rocks and minerals surpasses the range of measurement of the RCP method. Mixing polythene with the powder of rocks or minerals can reduce the complex permittivity of the mixture, i.e. polythene dilution method can extend the range of measurement of the RCP method.
Next, there are limitations for the use of the RCP method. The sample should be very small in size as compared to the dimension of the cavity so that the electric field inside the cavity does not change too much because of the presence of the sample. However, it is difficult to fabricate natural rocks and minerals into samples with acceptable dimensions, i.e. small rectangular strip samples. Polythene behaves as a good thermoplastic sample of polymer. Mixing polythene with the powder of rocks or minerals can improve the plasticity of the mixture. Thus it is easy to fabricate the mixture into small strip sample well.
Thirdly, natural rocks and minerals are inhomogeneous materials. The complex permittivity measured on a small part could not reflect the dielectric properties of the bulk rocks or minerals. According to the present method, rocks and minerals were ground into fine powder and mixed with polythene powder, i.e. application of polythene dilution method and Lichtenecker's mixture formulae could eliminate the effects of structure and texture of rocks and minerals on their dielectric properties. Thus, the complex permittivity of rocks or minerals measured with the present method is more reliable.
In addition to these advantages, it must be indicated that this method is limited to the GHz range. Since the rocks and minerals microstructure are destroyed, the method does not provide any information on microstructural effects.
Major measurement error source
There are some differences in complex permittivity of the same materials measured by different persons or institutions. Much attention should be paid to the veracity of dielectric measurement. The major error caused by the present method is attributed to three factors: errors involved in sample dimension, resonant frequency and specific gravity of rocks and minerals. Sample dimensions were measured by means of a micrometer at three locations along the active length in the cavity and then averaged. In order to improve the precision of the measurement of resonant frequency, several reference materials with known complex permittivity were measured. The same samples were also measured with the circular RCP method and transmission/reflection (T/R) method to verify the present method. The specific gravity of rocks and minerals was measured three times and then averaged so as to diminish the uncertainties.
